Osteoarthritis (OA) remains incurable in humans or horses and mesenchymal stromal/stem cells (MSCs) represent an attractive solution for producing a neocartilage substitute. However, the best MSC source still needs to be identified. This study compared the chondrogenic potential of equine MSCs derived from bone marrow (BM) and umbilical cord blood (UCB), at their undifferentiated status to check if one cell source is better proned, and after chondrogenic-induced differentiation. Chondrogenesis was induced by culture in collagen scaffold with BMP-2 + TGF-ß1 in hypoxia or normoxia. MSCs chondrogenic potential was evaluated using the mRNA and corresponding protein levels for osteogenic, hypertrophic and chondrogenic markers. MSCs characterization demonstrated that BM-and UCB-MSCs differ in proliferation and tripotencies. At undifferentiated status, they also showed differences in their expression of osteogenic, chondrogenic and hypertrophic markers. Upon chondrogenesis induction, both MSCs sources exhibited increased chondrogenic expression and produce an extracellular matrix (ECM) of better quality in hypoxia, although collagen I remained expressed. UCB-MSCs produced higher amounts of collagen II, particularly its IIB isoform, than BM-MSCs, but also collagen I and Htra1, regardless of the oxygen condition. Finally, immunohistochemistry revealed that the BM-MSCs synthesized an ECM of higher quality, regarding the more homogenous distribution of type IIB collagen, compared to UCB-MSCs. Considering collagen I as the major undesirable component in the neo-synthesis of in vitro cartilage, we recommend using BM-MSCs for horse cartilage engineering.
Introduction
Osteoarthritis (OA) is a common joint disease characterized by the degradation of articular cartilage [1] . Cartilage has a poor intrinsic capacity for self-repair, which renders any degradation almost irreversible [2] . Studying the role and the physiology of articular cartilage can help understand the severity of OA and the pain it causes. Articular cartilage is avascular, non-innervated tissue that covers bone extremities to ensure joint mobility. When cartilage degradation occurs, the bone extremities come into direct contact with each other, causing great pain due to the innervation of bone tissue. OA is a multifactorial age-related disease. In light of the expected growth of the elderly population in the near future, finding a cure for OA is a significant goal and a therapeutic challenge [3] .
Current pharmacological treatments can attenuate OAassociated pain, inflammation or decelerate OA outcomes, but do not cure OA. Surgical options, with prosthetic joint replacement, is the definitive solution for the most severe OA cases, but does not provide a long-term solution because the prosthetic implants deteriorate over time. Discovered nearly 25 years ago, autologous chondrocyte implantation (ACI) appears to be a very promising solution to treat cartilage defects [4] . Nevertheless, one step in the strategy involves chondrocyte expansion as a monolayer culture known to induce chondrocyte dedifferentiation [5] . Since the beginning of cartilage tissue engineering with the Brittberg procedure, cartilage-cell-based therapies have been developed [6, 7] . New ACI generations have emerged with the use of 3D cultures, chondrogenic growth factors, hypoxic microenvironments and also new cell types, such as mesenchymal stem cells (MSCs). MSCs have increased in their appeal for cartilage therapy because they have high proliferative potential and, above all, are able to differentiate into mesodermderived cell types, including chondrocytes [8] . There are different types of MSCs according to their tissue source, either neonatal tissue or adult tissue. The MSCs properties and differentiation abilities vary with their source [9] . Today, bone marrow (BM) is the most common source of MSCs used for cartilage repair, but has some limitations, namely the synthesis of a fibrocartilage subject to degradation [10] , a differentiation ability that decreases with age [11] and a painful harvesting procedure (in humans). On the contrary, harvesting MSCs from umbilical cord blood (UCB) is painless and non-invasive. According to the literature, UCB-MSCs seem to have several advantages over BM-MSCs, and thus, may be a better cell type for cartilage tissue engineering [12, 13] .
In this study we compared the chondrogenic differentiation abilities of equine BM-MSCs and equine UCB-MSCs. The equine model provides access to samples from young animals in a minimally-invasive manner, compared to humans. The chondrogenic differentiation protocol has already been developed and optimized for each MSC type [14, 15] . Moreover, UCB-MSCs were chosen because they differentiated into chondrocytes and express an abundant, dense and a hyalinelike cartilage matrix. By contrast, we demonstrated that despite their expression of cartilage markers, umbilical cord matrix MSCs failed to express a relevant cartilage matrix after chondrogenic induction [16] . Our chondrogenic differentiation protocol employed hypoxic or normoxic 3D cultures, using type I/III collagen sponges as biomaterials, and chondrogenic factors (BMP-2, TGF-β1) for 28 days.
Material and Methods
Cell Isolation and Culture UCB and BM were collected, MSCs were isolated and characterized as previously described [14, 15] . Briefly, equine UCB was collected by venipuncture of the umbilical veins and equine BM was collected from sternal puncture in a cohort of horses with ages and genders which were as follows: 5 mares (two were 3 years old, three 4 years old) and 2 geldings (3 years old).
Then, MSCs were isolated by density gradient centrifugation with Ficoll-Paque PREMIUM (GE healthcare Biosciences; Chicago, ILL, USA) followed with a seed of the interphase in a plastic flask filled with an isolation medium (low glucose-Dulbecco's modified Eagle Medium (LG-DMEM; Invitrogen; Carlsbad, CA, USA) containing 30% fetal calf serum (FCS, Invitrogen Life Technologies; Carlsbad, CA, USA), 10 −7 M dexamethasone (Sigma-Aldrich; Saint Louis, MO, USA)) to select cells which were able to adhere and form colonies, the MSCs. Cells forming colonies were detached using trypsin/EDTA (Invitrogen; Carlsbad, CA, USA) and then reseeded at 5000 cells/cm 2 (passage one, P1). Cell expansion was performed in LG-DMEM medium containing 20% FCS. All the media used in this study were supplemented with antimicrobial agents (100 IU/ml of penicillin, 100 μg/ml of erythromycin, and 0.25 mg/ml of fungizone). The absence of bacterial or viral contamination in isolated MSCs was carried out by an external laboratory according to their internal protocols (LABÉO, Saint-Contest, France). Characterization of MSCs was carried out by assessing their proliferative capacities, differentiation in adipocytes, chondrocytes and osteoblasts and the presence of cluster of differentiation (CD) characteristics of MSCs.
mRNA of equine articular chondrocytes (eAC) were prepared from healthy metacarpal joints, as previously described [14, 15] . Briefly, cartilage samples were digested in order to obtain pelleted chondrocytes on which we performed RNA extraction. Equine articular cartilage proteins were also obtained as previously described [14, 15] . Cartilage slices were crushed in liquid nitrogen, and then RIPA buffer was added to extract the proteins.
All the methods and procedures were carried out in accordance with relevant guidelines and regulations. The ComEth Anses/ENVA/UPEC Ethical Committee approved the protocol (Permit number: 10/03/15-12; 10/06/14-8).
MSCs Characterization
Population Doubling Level 125,000 MSCs were seeded in 25 cm 2 flasks, trypsinized and counted every week. The equation [log10(number of harvested cells) -log10(number of seeded cells)]/log10(2) was used to determine the population doubling level at every passage.
Immunophenotyping
At P3 to P4, MSCs were trypsinized, then suspended in PBS (10 6 cells/ml) and incubated 25 min in the dark with the following mouse anti-human antibodies: CD29-Allophycocyanin (APC) (BioLegend; San Diego, CA, USA), CD44-Phycoerythrin (PE) (IOTest; Brea, CA, USA), CD45-Pacific Blue (PB) (AbD Serotec; Kidlington, UK), CD73-APC (Abcam; Cambridge, UK), CD90-Fluorescein isothiocyanate (FITC) (InvestCare; London, UK), CD105-FITC (Abcam; Cambridge, UK) and type II MHC-RPE (AbD Serotec; Kidlington, UK). Subsequently, after a washing step, cells were resuspended in 500 μl of PBS. A Beckman Coulter Gallios flow cytometer (Beckman Coulter; Brea, CA, USA) (Federative Research Structure ICORE platform, University of Caen Normandy, France) and FlowJo Software (TreeStar; Ashland, OR, USA) were used to perform the analysis. We used respective mouse isotype antibodies as controls. The antibodies cross reactivity with equine cells, and specificity, were verified using an equine blood sample (Supplemental Fig. 2 ).
Multilineage Capacity
The capacity of equine MSCs to differentiate in osteogenic, adipogenic and chondrogenic lineages was determined at P4. For this purpose, cells were seeded in 6-well plates. At 50% of the confluence, osteogenic differentiation was induced and then assessed by Alizarin red S staining. Cells were incubated (10 min; room temperature) with 4% paraformaldehyde, washed with PBS (pH 4.1) and stained (20 min; room temperature) with Alizarin red S.
At 80% of the confluence, adipogenic treatments were added. Oil red O staining was used to reveal intracellular accumulation of red lipid droplets. Cells were fixed, washed and stained (10 min; room temperature) with 0.3% Oil red O in isopropanol.
Chondrogenic differentiation was induced when cells were at 90% of confluence. The chondrogenic differentiation was assessed by staining the sulphated proteoglycans with an Alcian blue solution 1% in chloridric acid 1 M (pH 1).
The composition of the three media used for the evaluation of tripotency were described in our previous studies [14, 15] .
As negative controls for chondrogenic, osteogenic and adipogenic differentiations, cells were cultured in LG-DMEM supplemented only with 10% FCS.
Chondrogenic Differentiation in 3D
We used collagen sponges as scaffold for cell culture, as previously described [14, 15] . MSCs were grown for 28 days in this 3D scaffold to induce chondrogenesis according to the protocols previously established [14, 15] . Briefly, at P4 the cells were seeded onto the collagen sponges (5 × 10 5 cells/ sponge) and then the cell constructs were incubated with ICM in the presence or absence of 50 ng/ml BMP-2 and 10 ng/ml TGF-β1, in hypoxia (3% O 2 ) or normoxia (21% O 2 ). Sponges were harvested for RNA and protein analyses on days 7, 14, 21 and 28. MSC monolayers before induction were used as controls (day zero, D0).
RNA Isolation and RT-qPCR
Cells were extracted with the Trizol Reagent according to manufacturer's instruction. Then, one μg of RNA was reverse transcribed into cDNA using reverse transcriptase (MMLV, Thermo Fisher Scientific; Waltham, MA, USA) and oligo dT (Eurogentec; Liège, Belgium). RT-qPCR was performed on a CFX96 touch Real Time PCR Detection System (Bio-Rad; Hercules, CA, USA) using iTaq Universal SYBR Green Supermix (Bio-Rad; Hercules, CA, USA). The Table 1 lists the sequences of the primers we used. The 2 -ΔΔCT method was used to calculate the relative gene expression. Each sample was normalized to β-actin. 
Forward TGCCGTGACCTCAAGATGTG Reverse CGTCTCCATGTTGCAGAAGA Htra1
Forward GGACTTCATGTTTCCCTCAA
Forward CAAGAAGGACCACCCGGACTA Reverse GGAGATGTGTGTCTGCTCCGT
Protein Extraction and Western-Blots
After treatment, sponges containing cells or cells in monolayers (D0) were washed with PBS, crushed and extraction of the total proteins was performed using the RIPA-lysis buffer. A cocktail of several protease inhibitors was systematically used. We determined the protein concentration according to the Bradford procedure (Bio-Rad; Hercules, CA, USA). Then, 10 μg of the proteins extracts were separated in 7.5% polyacrylamide gels (TGX Stain Free Fast Cast Acrylamide Kit Fig. 1 Characterization of MSCs. Ability of bone marrow (BM)-and umbilical cord blood (UCB)-mesenchymal stem cells (MSCs) to differentiate into osteoblasts, adipocytes and chondrocytes (a). The cells were amplified at P4 and cultured to 50% confluence with media specific to osteoblastic (n = 4), adipocyte (n = 4) or chondrogenic (n = 4) differentiation (treated panels) or amplification medium (control panels) for 14 days. After fixing with paraformaldehyde, cells were stained with Alizarin red, Oil Red O and Alcian blue to reveal the presence of calcium deposits, lipid droplets and sulfated proteoglycans, respectively. Proliferative capacity of equine MSCs isolated from BM and UCB (b). The MSCs derived from BM and UCB were isolated and seeded at 5000 cells/cm 2 . A passage with trypsin/EDTA was performed every 7 days, followed by counting and re-seeding at the same cell density (n = 4). The significance of the results between BM-and UCB-MSCs was evaluated using a Mann-Whitney test (*p < 0.05, **p < 0.01, ***p < 0.001). Immuno-phenotyping of the isolated and amplified MSCs (C). In passage 4 (P4), the cells were trypsinized and suspended in PBS (10 millions cells/ml). Then, cells were incubated 30 min in the dark with the specific antibodies, or relevant anti-IgG isotype controls. After a washing step, the analysis was performed. 10,000 events were collected for each run. 
Immunohistochemistry
Biological substitutes, incubated 16 h with 4% paraformaldehyde, were embedded in paraffin and sectioned in 4 μm-thick slices. Sections were deparaffinized using toluene, rehydrated and then immunostained. Immunostaining began by unmasking the antigenic epitopes with 0.5% hyaluronidase in PBS-BSA buffer (3%), washing with PBS and permeabilization. Following several washes with PBS, sections were then treated with a peroxidase blocking solution (Dako Real, Agilent; Santa Clara, CA, USA) and subsequently with PBS-BSA (5%) for 30 min. Then, the sections were treated with specific antibodies against type I (1:1000 dilution) and type IIB (1:500 dilution) collagens and aggrecan (1:500 dilution). The antibodies used are the ones used in western-blots. Section were rinsed, then incubated with a HRP-conjugated secondary antibody (undiluted, Agilent; Santa Clara, CA, USA), and signals were detected b a c Fig. 4 Kinetic study of specific mRNA and protein markers of articular hyaline cartilage during chondrogenic differentiation of BM-and UCB-MSCs in normoxia. Equine MSCs derived from BM or UCB were amplified and seeded in collagen sponges at P4 (n = 5). They were then grown in normoxia (21% O 2 ) for 7, 14, 21 and 28 days (D7, D14, D21 and D28, respectively) in the presence of incomplete chondrogenic medium enriched with BMP-2 (50 ng/ml) and TGF-β1 (10 ng/ml) (B + T). The D0 condition corresponds to stem cells cultured in monolayer at P4 with the amplification medium and the equine articular cartilage (eAC) condition corresponds to the protein extracted from healthy cartilage. mRNA levels were estimated by RT-qPCR after normalization relative to the β-actin reference gene (A). The results are represented as box plots (median, quartiles, extreme values) and the significance of the values, compared to the D0 condition, was tested using a Mann-Whitney test (* p < 0.05). The total protein extracts were separated by electrophoresis on a 7.5% acrylamide gel under denaturing conditions (B, C). The proteins were then transferred to a PVDF membrane which was incubated with the antibodies indicated on the right. The molecular weight marker (MW kDa) is indicated on the left. The eAC sample and the other samples were loaded and run in the same gel, but the exposure time of the membrane was longer for the eAC lane (B). For the cropped blots displayed, the full-length blots with different exposure times are included in the Supplementary Information section (Supplemental Fig. 8 ). Statistical analyses of the main differences are shown in supplemental Table 4 . AU: arbitrary units using the DAB substrate (Dako, Agilent; Santa Clara, CA, USA). Hematoxylin (Dako, Agilent; Santa Clara, CA, USA) was used as the counter-stain. An Aperio ScanScope slide scanner was used to digitalize histological slides (Leica Biosystems; Wetzlar, Germany).
Statistical Analyses
All experiments were repeated at least four times with cells derived from different horses. We used Graphpad Prism 6 (Graphpad Software Inc.; San Diego, CA, USA) to perform the Mann-Whitney U-test. A P value of ≤0.05 was considered to be significant.
Results

MSCs Characterization
To characterize BM-and UCB-MSCs, we assessed their multilineage capacity, population doubling level and performed immuno-phenotyping ( Fig. 1) . BM-and UCB-MSCs were able to differentiate into chondrocytes, osteoblasts and adipocytes, nevertheless they showed differences in their multilineage capacity ( Fig. 1a ). Both types of MSC showed similar staining after their differentiation into osteoblasts. On the contrary, chondrogenic treatment led to a stronger staining in UCB-MSCs. Furthermore, although adipogenic treatment led to a modification of UCB-MSCs morphology, these MSCs showed no or extremely weak Oil Red O staining. Both types of MSC had strong proliferative capacities: their respective cumulative population doubling levels increased from passage 1 (P1) to P15 (Fig. 1b) . The proliferation rate was high during the first eight passages and then slowed down. At each passage, the cumulative population doubling level of BM-MSCs tended to be higher than its UCB-MSCs counterpart. Finally, both BM-and UCB-MSCs possessed most MSC cluster of differentiation (CD) characteristics and neither expressed type II MHC or CD45 (PBMC were used as a positive control in this latter case) ( Fig.  1c ; supplemental Figs. 1 and 2) . Surprisingly, our results indicate that both types of MSC were negative for CD105. CD73 was expressed in one MSC sub-population, but this sub-population was significantly larger in UCB-MSCs than in BM-MSCs.
As a conclusion, all the results obtained in Fig. 1 are summarized in supplemental Table 1 .
Comparison of BM-and UCB-MSCs at their Basal Undifferentiated State
Because MSCs may exhibit differences involved in their chondrogenic abilities, we compared both types of MSC at their basal state in order to know if a cell source is may be proned for chondrogenesis. Interestingly, both types of MSC expressed chondrogenic markers, such as type II procollagen, Acan, Sox9 at the mRNA ( Fig. 2a, b , c) and corresponding protein levels, but showed differences at the protein level (Fig. 3a, c) . Although there was inter-strain variability, BM-MSCs seemed to synthesize a higher amount of type II procollagen, but a lower amount of Sox9 than UCB-MSCs (Fig. 3a, c, e ). The expression of type II procollagen in undifferentiated MSCs is characteristic as it is not synthesized in bone (Fig. 3e ). Moreover, there was a lack of expression of the mature type II collagen as only immature forms of this collagen isotype are significantly expressed by both types of MSC, procollagen and pC/pN alpha1(II) (Fig. 3a, e ). These data suggest a reduced or delayed type II procollagen processing. The mRNA level and protein amounts of type I collagen (undesirable for cartilage regeneration) was also significantly higher in BM-MSCs than in UCB-MSCs ( Fig. 2d, e; Fig. 3a) , an indicator of active synthesis, with also a decreased or delayed procollagen processing. Thus, the mRNA Col2a1:Col1 ratios tended to be higher in UCB-MSCs (Fig. 2g, h ) than in BM-MSCs. BM-and UCB-MSCs also differed in osteogenic and hypertrophic marker expression. The expression of Col10a1 and AlpI were higher in UCB-MSCs and the expression of Bglap and Runx2 were lower than in BM-MSCs (Fig. 2i, j, k, l) . The same patterns were observed at the protein level regarding osteocalcin (Bglap) but not Runx2, which was expressed variably across strains (Fig.  3d) . The serine protease overexpressed in OA pathogenesis, Htra1, was expressed similarly in both MSC types at the mRNA level, but expression was higher in UCB-MSCs at the protein level ( Fig. 2f; Fig. 3a ). The main conclusions are supported by statistical analyses performed on the quantification of the blots (Supplemental Table 2 ). Finally, we also studied the Fig. 5 Kinetic study of atypical mRNA and protein of hyaline articular cartilage during chondrogenic differentiation of BM-and UCB-MSCs in normoxia. Equine MSCs derived from BM or UCB were amplified and seeded in collagen sponges at P4 (n = 5). They were then grown in normoxia (21% O 2 ) for 7, 14, 21 and 28 days (D7, D14, D21 and D28, respectively) in the presence of incomplete chondrogenic medium enriched with BMP-2 (50 ng/ml) and TGF-β1 (10 ng/ml) (B + T). The D0 condition corresponds to stem cells cultured in monolayer at P4 in amplification medium and the equine articular cartilage (eAC) condition corresponds to the protein extracted from healthy cartilage. mRNA levels were estimated using RT-qPCR after normalization relative to the β-actin reference gene (A). The results are represented as box plots (median, quartiles, extreme values) and the significance of the values, compared to the D0 condition, was tested using a Mann-Whitney test (* p < 0.05). The total protein extracts were separated by electrophoresis on a 7.5% acrylamide gel under denaturing conditions (B). The proteins were then transferred to a PVDF membrane which was incubated with the antibodies indicated on the right. The molecular weight marker (MW kDa) is indicated on the left. The eAC sample and the other samples were loaded and run in the same gel, and the exposure time of the membrane was the same for all the lanes. For the cropped blots displayed, the full-length blots with different exposure times are included in the Supplementary Information section (Supplemental Fig. 9 ). Statistical analyses of the main differences are shown in supplemental Table 6 . AU: arbitrary units proliferative markers Ki67 and Pcna (Fig. 2m, n; Fig. 3b ). We did not observe any differences at the mRNA level, however, Pcna seemed to show lower protein expression in UCB-MSCs, which correlates with the population doubling levels (Fig. 1b) .
Comparison of the Chondrogenic Potential of MSCs
To determine the best source of MSCs for cartilage tissue engineering, we analysed their chondrogenic differentiation in normoxia and hypoxia. We first studied the normoxic Typical hyaline cartilage-associated molecules, except for Col9a1, were quickly upregulated upon chondrogenic treatment: we observed an increase in their mRNA levels (Col2a1, Acan, Col11a1, Prg4, Snorc) and protein amounts (type II and IIB collagens) from D7 for both MSC types (Fig. 4a, b, c) . Nevertheless, the expression of these molecules was even higher at D28. Although we did not observe any significant differences in the induction of the mRNA levels between BMand UCB-MSCs and their respective D0, UCB-MSCs expressed a higher amount of type II collagen protein from D7 to D28 (Fig. 4a, b , c; supplemental Table 4 ). The proliferation marker Pcna was still expressed at D7 in both MSC types, but then decreased until D28 in UCB-MSCs, whereas its expression was no longer observed after D14 in BM-MSCs (Fig. 4c ). 6 Kinetic study of specific (a) and atypical (b) protein markers of hyaline articular cartilage during chondrogenic differentiation of BM-and UCB-MSCs in hypoxia. Equine MSCs derived from BM or UCB were amplified and seeded in collagen sponges at P4 (n = 5). They were then grown in hypoxia (3% O 2 ) for 7, 14, 21 and 28 days (D7, D14, D21 and D28, respectively) in the presence of incomplete chondrogenic medium enriched with BMP-2 (50 ng/ml) and TGF-β1 (10 ng/ml) (B + T). The D0 condition corresponds to stem cells cultured in monolayer at P4 with the amplification medium and the equine articular cartilage (eAC) condition corresponds to the protein extracted from healthy cartilage. The total protein extracts were separated by electrophoresis on a 7.5% acrylamide gel under denaturing conditions. The proteins were then transferred to a PVDF membrane which was incubated with the antibodies indicated on the right. The molecular weight marker (MW kDa) is indicated on the left. For the cropped blots displayed, the full-length blots with different exposure times are included in the Supplementary Information section (Supplemental Figs. 11  and 12 ). Statistical analyses of the main differences are shown in supplemental Table 7 In both MSC types, the cartilage-atypical type I collagen increased from D7 to D21to a greater extent in UCB-MSCs at the protein levelbut then decreased until D28 only for UCB-MSCs ( Fig. 5b; supplemental Table 6 ). These observations correlate with Col2a1:Col1 mRNA ratios which tended to be most strongly increased in BM-MSCs, although it significantly increased in both MSC types, compared with their respective D0 controls (Fig. 5a ). For BM-and UCB-MSCs, HtrA1 had the highest protein expression at D14 and then decreased ( Fig. 5b; supplemental Table 6 ). However, the protein expression of HtrA1 remained higher in UCB-MSCs from D0 to D28. Although the expression of Mmp13 remained unchanged during chondrogenic differentiation from D0 in both MSC types, the mRNA expression of Runx2 and AlpI increased for both MSC types as of D7 and, regarding AlpI, the increase tended to be stronger in BM-MSCs (Fig. 5a ). Additionally, type X collagen increased at the protein level from D14 to D28 in UCB-MSCs only (Fig. 5b) . The mRNA amounts of the osteogenic marker Bglap remained unchanged compared with their D0 respective controls for both BM-and UCB-MSCs (Fig. 5a ).
In conclusion, all the results obtained in Figs. 4 and 5 are summarized in supplementary Tables 3 and 5 
respectively.
In hypoxia, when chondrogenic differentiation was performed both MSC sources showedas in normoxiaa rapid increase in Col2a1, Acan, Col11a1, Prg4, Snorc and Col9a1 (Supplemental Fig. 10A ). Differences between BM-and UCB-MSCs were also observed: UCB-MSCs produced higher amounts of type II collagen and Pcna (Fig. 6a ; supplemental Table 7 ) and, in contrast to normoxia, Pcna increased until D28.
Over all, regarding type I collagen in hypoxia, we observed patterns similar to those in normoxia. Type I collagen increased from D7 to D21, although to greater degree in UCB-MSCs, and thus the Col2a1:Col1a and Col2a1:Col1a2 ratios tended to be most strongly increased in BM-MSCs, but only until D21 (Supplemental Fig. 10B, Fig. 6b ; supplemental Table 7 ). However, after D21, type I collagen protein amounts decreased only in UCB-MSCs ( Fig. 6b ; supplemental Table 7 ). Htra1 also increased in its mRNA steady-state amounts in both MSC types and its protein expression was higher in UCB-MSCs, although it decreased from D14 to D28 (Supplemental Fig. 10b, Fig. 6b ; supplemental Table 7 ). Fig. 7 Effect of the oxygen condition on the chondrogenic differentiation of BM-and UCB-MSCs on specific (a) and atypical (b) protein markers of hyaline articular cartilage. Equine MSCs derived from BM or UCB were amplified and seeded in collagen sponges at P4 (n = 5). They were then grown in hypoxia (H, 3% O 2 ) or normoxia (N, 21% O 2 ) for 14 and 28 days (D14 and D28, respectively) in the presence of incomplete chondrogenic medium enriched with BMP-2 (50 ng/ml) and TGF-β1 (10 ng/ml) (B + T). The total protein extracts were separated by electrophoresis on a 7.5% acrylamide gel under denaturing conditions. The proteins were then transferred to a PVDF membrane which was incubated with the antibodies indicated on the right. The molecular weight marker (MW kDa) is indicated on the left. For the cropped blots displayed, the full-length blots with different exposure times are included in the Supplementary Information section (Supplemental Figs. 14 and 15 ). Statistical analyses of the main differences are shown in supplemental Table 8 Induction of AlpI mRNA tended to be higher in BM-MSCs, whereas the expression of Runx2 was similar in BM-and UCB-MSCs (Supplemental Fig. 10B ). Type X collagen was expressed at higher protein amounts at D14 in UCB-MSCs, decreasing thereafter (Fig. 6b) , whereas no effect was observed at the mRNA level (Supplemental Fig. 10B ). In contrast, type X collagen was not observed at the protein level in BM-MSCs. The induction of Bglap mRNA remained unchanged compared with their respective D0 controls for both BM-and UCB-MSCs (Supplemental Fig.10B ). Previous data has demonstrated that the optimal chondrogenic differentiation lasts 28 days, for both MSC types ( Fig. 4 to Fig.  6 ). Nevertheless, the two different oxygen conditions led to slight differences in the MSC phenotype. Therefore, we aimed to determine the best oxic conditions for each MSC type to compare their chondrogenic differentiation when they were cultured in their respective optimal oxic conditions. Analysis of mRNA levels, typical or atypical of the chondrocyte phenotype, did not allow to determine which oxic condition was the best, because the analysed markers did not vary for either MSC type (Supplemental Fig. 13A and B) . On the other hand, the analysis of protein expression showed differences (Figs. 7a and b; supplemental Table 8 ). Although the total amount of type II collagen seemed to be the same regardless of the oxic condition, the proportion of the different maturation forms varied (in a similar fashion) for both MSC types at D28. We observed more pC and procollagen forms of type II collagen in hypoxia, whereas the pN form was more abundant in normoxia. Type IIB collagen followed a similar pattern, with pN forms disappearing in hypoxia in favour of pro forms (Fig. 7a) . These findings indicate that both types of MSC are actively producing type II collagen since the precursor isoforms are expressed at a high level.
Concerning type I collagen, the mature form strongly decreased in hypoxia for both MSC sources (Fig. 7b ). Finally, we performed immunohistochemistry (IHC) analyses to visualize the ECM. The collagen sponges were homogeneously filled with neo-synthesized ECM for both MSC types (Figs. 8,  9, 10, and 11 ). However, especially for BM-MSCs, cells did not have a uniform distribution throughout the sponge, with a larger number of cells localised at the periphery.
Regardless of the MSC type or the oxygen condition, at D14 and D28, type I collagen was distributed along a gradient decreasing from the periphery to the inner areas of the neosynthesized cartilaginous substitute ( Figs. 8 and 11 ). In the centre of the biological substitute, labelling was not observed in the vicinity of the nucleus of the cells, which may indicate a cessation of type I collagen synthesis in these cells. Type I collagen fibres of the biomaterial were also stained. For the BM-MSCs, staining intensity increased from D14 to D28, unlike the neosynthesized cartilaginous substitute obtained with UCB-MSCs, which appeared to have the same staining intensity over time.
Just like type I collagen, type IIB collagen was distributed according to a gradient which steepened at D28 for both types and to a greater extent for UCB-MSCs ( Figs. 9 and 11 ). The staining appeared to increase in hypoxia only for BM-MSCs, particularly at the periphery of the neocartilage substitute. Regardless of the oxygen condition and in contrast to type I collagen, a strong staining signal was observed near the nucleus for both MSC types, but this staining was stronger for UCB-MSCs. For BM-MSCs, this observation was not as intense at D28.
Aggrecan is also distributed according to a gradient ( Figs. 10 and 11) . At D14, a stronger staining is observed in close vicinity of the cells, whatever the MSC source or the oxic condition. Furthermore, the staining seems to be accentuated from D14 to D28 for BM-MSCs, whereas the staining remains unchanged for UCB-MSCs, whatever the oxic condition. 
Discussion
MSCs are multipotent stem cells that can differentiate into mesodermal cells. These cells thus offer new perspectives for cartilage cell and/or tissue engineering. Nevertheless, the differentiation capacities of MSCs are correlated with their age and tissue source. Previous studies have demonstrated the usefulness of BM-MSCs and UCB-MSCs for producing hyaline-like cartilage [14, 15] . In this study, we compared BM-and UCB-MSCs to determine the best source of MSCs for generating neo-cartilage in vitro. Because equine BM-MSCs can be isolated from young horses, we used the equine model to avoid potential differentiation differences between BM-and UCB-MSCs due to their age. In addition, using equine cells helps meet the challenge to develop effective therapies to treat horse chondral lesions; furthermore, the studies performed in the horse are transferable to humans.
Following isolation, we characterized putative MSCs according to international CD criteria [18] . The isolated cells, regardless of their source, showed typical MSC features. Nevertheless, UCB-MSCs seemed to grow more slowly, in terms of the population doubling level and the Pcna protein amounts. The higher proliferative capacity of BM-MSCs is in favour of their use for cartilage tissue engineering, primarily because a large number of cells is required. Similarly, BM-and UCB-MSCs displayed different differentiation potentials: adipogenic treatments were not able to induce the formation of lipid droplets in UCB-MSCs, and more interestingly, in the aim of cartilage tissue engineering, the Alcian bleu staining was stronger in UCB-MSCs. Several studies have demonstrated that MSCs should be considered as the sum of sub-populations sharing common features and there may be some variation, particularly in the expression of their CDs [19, 20] . Differences in CD expression can be associated with Fig. 10 Evaluation of aggrecan expression by IHC in the neosynthesized cartilaginous substitute. Equine MSCs derived from BM or UCB were amplified and seeded in collagen sponges at P4 (n = 5). They were then grown in hypoxia (3% O 2 ) or normoxia (21% O 2 ) for 14 and 28 days (D14 and D28, respectively) in the presence of incomplete chondrogenic medium enriched with BMP-2 (50 ng/ml) and TGF-β1 (10 ng/ml) (B + T). Serial paraffin sections (4 μm) of the sponges at D14 and D28 were analyzed by IHC to evaluate aggrecan distribution. 1 cm = 150 μm. Magnifications (× 2.5) are displayed in the top left corner box different differentiation capacsities [21] . The study of CDs revealed a higher proportion of CD73+ cells in UCB-MSCs, which may suggest a different distribution of the sub-populations between BM-and UCB-MSCs. The higher proportion of CD73+ cells seems to suggest that UCB-MSCs have a strong potential to mimic native cartilage ECM [22] . In contrast to expected results and to international criteria used to characterize MSCs, our cells were CD105-negative. Previous immuno-phenotyping analyses performed on equine MSCs corroborate our results [23] . The absence of CD105 can be attributed to the use of trypsin to detach the cells during the procedure. Trypsin can damage some cell surface proteins, thus hampering their detection by flow cytometry, whereas other proteins are unaffected [24] . This assumption is supported by the study of Braun et al. that showed a positive CD105 signal in equine MSCs derived from adipose tissue, using accutase instead of trypsin/EDTA [25] .
At their basal undifferentiated state, UCB-MSCs synthesized a lower amount of all the immature forms of collagens studied, but a higher amount of Sox9, which may suggest a higher chondrogenic potential, especially because the mRNA Col2a1:Col1 ratios tended to be higher, too.
Based on our previous studies [15, 26] , we used normoxic and hypoxic 3D cultures in the presence of chondrogenic factors (BMP-2, TGF-β1) to induce the chondrogenesis of MSCs. Whatever the oxic condition and in correlation with the Alcian blue staining during the MSCs characterization, UCB-MSCs synthesized higher levels of type II and IIB collagens than BM-MSCs, but also type X and I collagens. Thus, UCB-MSCs showed a stronger response to the differentiation protocol, because their collagen protein amounts were lower at D0. However, in UCB-MSCs, regardless of the oxygen Fig. 11 Global distribution of type I and IIB collagens and aggrecan in the neosynthesized cartilaginous substitute. Equine MSCs derived from BM or UCB were amplified and seeded in collagen sponges at P4 (n = 5). They were then grown in hypoxia (3% O 2 ) or normoxia (21% O 2 ) for 14 and 28 days (D14 and D28, respectively) in the presence of incomplete chondrogenic medium enriched with BMP-2 (50 ng/ml) and TGF-β1 (10 ng/ml) (B + T). Serial paraffin sections (4 μm) of the sponges at D14 and D28 were analyzed by IHC to evaluate type I and type IIB collagens, and aggrecan distribution. 1 cm = 150 μm level, the amounts of type I collagen protein decreased after 21 days. Furthermore, the hypoxic condition led to a decrease in type X collagen and HtrA1 after 14 days, but still remained higher than in BM-MSCs. Nonetheless, in both types of MSCs, type II and IIB collagen increased until D28. If we consider cell differentiation as a dynamic and ever-evolving process, the decrease in molecules atypical of hyaline cartilage indicates that a switch in cell behaviour occurred. Thus, the UCB-MSCs phenotype had not stabilized by the end of our chondrogenic differentiation protocol, and seemed to still be in chondrogenic differentiation, owing to the continuing expression of undesirable, atypical cartilage molecules and Pcna. Furthermore, chondrocytes from hyaline articular cartilage are not proliferative when skeletal maturity is reached [27] . Another indication that the chondrocyte phenotype had not yet stabilized in UCB-MSCs is the stronger presence of type II collagen near their nuclei, revealing strong anabolic activity even after 28 days; stabilized hyaline articular chondrocytes should have low anabolic activity. Alternatively, the decrease in the expression of atypical hyaline cartilage molecules may be due to the selection of specific sub-populations. This difference between BM-and UCB-MSCs can be linked to the potential different sub-populations found in each MSC source, as attested by CD73 expression.
Beyond the phenotype of differentiated cells, the quality of the neo-cartilage ECM produced is crucial. The ECM must be abundant to fill a cartilage defect in situ. For both MSC types, the newly synthesized ECM was homogenously distributed throughout the construct. UCB-MSCs produced significantly higher amounts of ECM. The fact that type I collagen staining was not stronger at D28 for UCB-MSCs correlates with the results of western blots (Figs. 5b and 6b ). Nevertheless, when considering type IIB collagen, the neosyntesized cartilaginous substitute with UCB-MSCs showed a sharper gradient than BM-MSCs at D28. This difference in the organization of the ECM may be due to the different state of cell differentiation from the periphery to the center that could lead to weaker mechanical properties. Futhermore, the ECM produced in UCB-MSCs also contained atypical molecules that BM-MSCs had not synthesized, such as type X collagen and HtrA1, and a larger amount of type I collagen in western-blot. These latter results are the major reason for the choice of BM-MSCs as a better cell type for cartilage tissue engineering. UCB-MSCs may likely be a good candidate, but they need to undergo a complete chondrogenic differentiation program with an optimized protocol to decrease the synthesis of molecules atypical to hyaline cartilage. Furthermore, although the neo-synthesized cartilaginous substitute is composed of a uniform ECM, the IHC study revealed that various important proteins had a gradient distribution from the periphery to the center of the neocartilage. Applying the chondrogenic differentiation protocol in standardized and dynamic cultures grown in perfusion bioreactors may help avoid the heterogenous distribution of nutrients and oxygen, as demonstrated by Mayer et al. [28] .
Various studies have compared the chondrogenic potential of MSCs in various species. Nevertheless, the differentiation efficiency of a cell type can be modulated by the differentiation protocol, which can be optimal for one MSC source but not for another, and the assessment itself may also influence how differentiation is gauged. Thus, a study comparing the mechanical properties of equine BM-and UCB-MSCs determined that UCB-MSCs were the best cell type for cartilage tissue engineering [29] . The study of mechanical properties of neo-synthesized cartilage is a useful strategy for assessing the quality of neo-cartilage, because the major function of hyaline cartilage is to absorb shocks. Nevertheless, mechanical studies should not be restricted to compressive forces because cartilage undergoes other types of forces, such as frictional forces, and additionally, this tissue must be constituted of a suitable matrix for nutrient diffusion. Moreover, cartilage features depend on matrix composition, distribution and arrangement. Therefore, biomechanical and histological approaches should be combined to assess neo-cartilage quality. Finally, the cartilage matrix is the result of the mRNA and protein synthesis in the resident cell type of the tissue, the chondrocytes. In cartilage tissue engineering, particularly when using MSCs, ECM composition is the cumulation of mRNA and protein synthesis processes that occur in the cells, which go through various differentiation stages and thus adapt their mRNA and protein levels throughout differentiation.
Ultimately, at this point of our study and according to our protocol, BM-MSCs appear to be the most attractive cell type for producing a hyaline-like cartilage in vitro, as summarized in Table 2 . Nevertheless, we have to be careful about a possible use in vivo. Indeed, the atypical type I collagen synthesis throughout the differentiation protocol remained but could be prevented by culturing MSCs in perfusion bioreactors in dynamic conditions that may help to produce a neo-cartilage substitute in vitro with higher hyaline quality and superior function.
